Objectives: 28
wze, wchA, wciG and glf genes in the 33F-1 cps locus had higher DNA sequence 46 similarity to homologues from other serotypes than to the 33F reference sequence. 47
Conclusions: 48
We have discovered a novel genetic variant of serotype 33F, which lacks wcjE and 49 contains a wcyO pseudogene. This finding adds to the understanding of molecular 50 Introduction 54 Streptococcus pneumoniae (the pneumococcus) is a Gram-positive pathogenic bacterium 55 and a leading cause of community-acquired pneumonia [1] . Pneumococci are classified 56 by serotype, defined by an antigenically-distinct polysaccharide capsule. Capsule 57 biosynthesis is encoded by the capsular polysaccharide (cps) locus within the 58 pneumococcal genome. High levels of genetic diversity within this locus has resulted in 59 over 90 pneumococcal serotypes described to date. 60
61
The pneumococcal capsule is the target for currently licensed vaccines, which only 62 include a subset of serotypes. Although pneumococcal conjugate vaccines (PCVs) have 63 been successful in reducing carriage and disease caused by the targeted serotypes, a rise 64 in carriage and disease caused by serotypes not included in these vaccines is commonly 65 observed (serotype replacement) [2, 3] . To precisely monitor vaccine impact and disease 66 surveillance, accurate tools for pneumococcal serotyping are required. 67 68 Molecular approaches to serotyping pneumococci rely on existing knowledge of cps loci. 69 Data on pneumococcal cps loci from low-and middle-income countries (LMICs) are 70 relatively limited, which can impact serotyping results. For example, we recently 71 described a novel genetic variant of pneumococcal serotype 11A in Fiji. Genetically, the 72 cps locus of these isolates is most closely related to the 11F cps locus, with only a few 73 minor nucleotide changes resulting in the production of 11A capsule [4] . 74 75 Among the replacing serotypes post-PCV introduction, serotype 33F has become a 76 concern world-wide. Serotype 33F is commonly reported among the predominant 77 serotypes not included in PCVs causing invasive disease following vaccine introduction 78 pneumococcal cultures were pre-treated with a lysis solution containing 5 mM EDTA, 3 129 mg/ml lysozyme and 37.5 µg/ml mutanolysin in TE buffer and incubated at 37°C for 2 h. 
Results

167
In our studies evaluating pneumococcal vaccine impact in Fiji and Mongolia, we have 168 used DNA microarray as a molecular approach to serotype pneumococci contained 169 within nasopharyngeal swabs. DNA microarray uses 15,000 oligonucleotides that are 170 spotted onto glass slides and recognize each capsule gene from the 90+ serotypes. 171
Labelled pneumococcal DNA is allowed to hybridize to the oligonucleotides so that 172 pneumococcal serotype can be inferred. From 2750 swabs that contained pneumococci 25 173 (0.9%) contained pneumococci that typed as '33F-like' (hereby referred to as '33F-1'). 174
Ten of these samples were selected and the 33F-1 pneumococci were isolated for further 175 analysis ( Table 1) . 176 177 Compared to the expected results for serotype 33F, microarray reported the wciG, glf and 178 wcjE genes in the nasopharyngeal swabs containing these isolates as 'absent/divergent'. 179
In addition, the wcyO gene was also detected, which has not been reported in the serotype 180 33F cps locus previously. To investigate the impact of the divergent 33F-1 cps locus on 181 other molecular approaches to serotyping, we sequenced the genomes of all ten isolates 182 and ran the sequence reads through the PneumoCaT pipeline [15] . PneumoCaT uses wcjE to differentiate 33A from 33F, as this gene contains a frameshift mutation in 33F, 184 resulting in a lack of WcjE-mediated O-acetylation of the 33F capsular polysaccharide 185 [20] . Consistent with microarray, PneumoCaT typed all isolates as 33F and was unable to 186 detect wcjE. Phenotypic serotyping methods (Quellung and latex agglutination) also 187 typed these isolates as 33F. Supplementary Fig. S1 ). 198
199
In addition to the differences in wcjE and wcyO, microarray detected some divergence in 200 other genes in the 33F-1 cps locus compared to the reference 33F sequence. To gain a 201 better understanding of the relationships of the 33F-1 cps genes to homologues from 202 other serotypes we performed phylogenetic analyses for each gene. In support of the 203 pairwise alignments ( Supplementary Table S1 ), the 33F-1 wciB, wciD, wciE, wciF, wzy 204 and wzx genes clustered with 37/33A/33F sequences (Fig. 2F-K) . In contrast, 33F-1 wzg, serotype 37 ( Fig. 2L) , glf with serotypes 34 and 39 ( Fig. 2M) and wcyO with 33C, 34 and 207 39 ( Fig. 2N ). All branches had strong statistical support (>85% bootstrap score from 208 1000 replicates for all genes, except wze with a 67% bootstrap score for the 33F-1/33B 209 branch). The frameshift mutations in isolates from Fiji and Mongolia have both occurred within 228 homopolymeric regions ( Fig. 1, Supplementary Fig. S1 ). Such regions are prone to slipped-strand mispairing, whereby errors made during DNA replication can result in the 230 insertion or deletion of a nucleotide [23] . We postulate that the frameshift mutations in 231 the 33F-1 wcyO genes are the result of slipped-strand mispairing events. 232 233 This is the first report identifying the wcyO acetyltransferase gene in the 33F cps locus, 234 and it is also the first report of a naturally occurring frameshifted allele of wcyO. The fact 235 that the mutation type and location differ between isolates from Fiji and Mongolia 236 demonstrates this mutation event has occurred on at least two independent occasions. 237
Whether the mutation of wcyO is due to selective pressure to inactivate a 238 disadvantageous gene or due to a lack of selective advantage to maintain it remains to be 239 investigated. Previously [27] . Laboratory constructed wciG mutants in serogroup 33 isolates were 246 more susceptible to opsonophagocytosis, and displayed increased adherence and biofilm 247 formation [27] . It is plausible that mutation of wcyO in the 33F-1 pneumococci may serve 248 a similar purpose, however this requires further investigation. 249 250 Within the 33F-1 cps locus we identified 7/15 genes that exhibit higher DNA sequence 251 similarity to homologues from other serotypes rather than 33F. Both glf and wcyO are 252 similar to sequences from serotypes 34 and 39 (and 33C for wcyO) (Fig. 2M and 2N) and 253 wzg, wzh, wzd, wze and wchA similar to sequences from 33B ( Fig. 2A-E) . Recombination 254 of the pneumococcal capsule genes resulting in mosaic cps loci such as that of 33F-1 255 have been reported previously [28, 29] . Although it is difficult to infer the direction of 256 horizontal transfer of these genes, the mosaic nature of the 33F-1 cps locus would suggest 257 an ancestral 33A/F cps locus was the recipient of these genes. 258 259 Interestingly, a serogroup 33 related cps locus has been identified in Streptococcus oralis 260 subsp. tigurinus strain Az_3a [30] . This cps locus possessed the same genes as the 33F-1 261 locus with variable DNA identity (<77% with the 33F-1 wzg, wzh, wzd, wze, wchA and 262 wciB genes, >96% for wciC, wciD, wciE, wciF and wzy genes, and 85-90% for wzx, wciG 263 and glf genes, Supplementary Table S1 ). The higher DNA identity of 33F-1 cps genes 264 with homologues from other pneumococcal serotypes suggests the Az_3a cps locus may 265 have evolved independently of the 33F-1 locus. In contrast to 33F-1, the wcyO gene in 266
Az_3a is in frame and most similar to the pneumococcal serotype 21 homologue (DNA 267 identity 86.8% with serotype 21 wcyO compared to 74.5% with 33F-1 wcyO). The 268 existence of a divergent 33F-1 cps locus with a functional wcyO raises interesting 269 questions around why this gene has been inactivated in 33F-1 pneumococci but remains 270 intact in a non-pneumococcal streptococcal species. 271
272
This study describes a novel genetic basis for pneumococcal serotype 33F. Serotype 33F 273 is a replacing serotype in invasive disease following vaccine introduction [5-7]. The 274 public health importance of 33F is reflected in that it has been included in two upcoming 275 vaccine formulations (PCV15 and PCV24) [8] . In addition, there is increasing popularity 276 in molecular serotyping approaches and it is therefore important to identify genetic 277 variants, which have the potential to impact serotyping results. This is particularly 278 important for the implementation of such methods in LMICs, where there is limited 279 understanding of the pneumococcal cps loci. The data gained from this study will be used 280 to update genetic typing tools for more accurate typing of serotype 33F in LMICs. Tables and figures  414  Table 1 . Pneumococcal 33F-1 isolates used in this study. 
